It was our hypothesis that septic illness would alter both protein and energy metabolism in neonates, with elevations of tumor necrosis factor-␣ (TNF-␣), interleukin-6 (IL-6), and interleukin-1␤ (IL-1␤) serving as markers for these effects.
A substantial amount of information has been amassed on the nutritional requirements of healthy term and preterm infants. Little information is available on the effects of septic illness on the metabolic demands and nutritional needs of these infants. As previous studies suggest that both respiratory and cardiac illness affect energy metabolism in the newborn infant, [1] [2] [3] it is reasonable to expect that infection will also affect metabolism.
Sepsis in adults alters both energy and protein metabolism. In its most severe form, sepsis is characterized by multisystem organ failure with significant protein catabolism. 4 Sepsis stimulates the production and release of several cytokines involved in peripheral muscle breakdown, including tumor necrosis factor-␣ (TNF-␣), interleukin-1␤ (IL-1␤), and IL-6. 5 These cytokine mediators are thought to be responsible for the increased oxygen consumption and negative nitrogen balance in sepsis. In adults with sepsis, these changes are related to the degree of illness; in severe sepsis with multisystem organ failure, the catabolic response dominates uncontrollably, leading to death.
The purpose of this study was to determine the effects of sepsis on neonatal protein and energy metabolism and to evaluate the role of inflammatory cytokines in mediating these effects. We hypothesized that, similar to adults, 6 septic neonates would have increased energy expenditure and more negative nitrogen balance than nonseptic, but equally ill, neonates, and that these changes would be proportional to the degree of illness and the magnitude of the serum cytokine response.
METHODS
This study was approved by the institutional review boards of Children's Health Care-St. Paul (St. Paul, MN) and the University of Minnesota (Minneapolis, MN). Written informed consent was obtained from the parents of each infant included in the study.
Study Population
Infants weighing Ͼ1000 gm with a presumptive diagnosis of sepsis who were admitted to the neonatal intensive care units of Children's Health Care-St. Paul or Fairview-University Medical Center, University of Minnesota, between February 1, 1995 and May 15, 1997 were eligible for the study. Infants were excluded if parental consent was not given or if they had perinatal asphyxia, necrotizing enterocolitis, or major congenital anomalies.
Criteria for sepsis syndrome were modified from those of Harris et al. 7 To be included, infants had to have both respiratory or hemodynamic dysfunction by physical examination and physical signs of infection. Respiratory dysfunction included evidence of grunting, flaring, retractions, or tachypnea (Ͼ60 breaths per minute) or apnea (Ͼ15 seconds). Hemodynamic instability was evidenced by tachycardia (a heart rate of Ͼ160 beats per minute), bradycardia (a heart www.nature.com/jp
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rate of Ͻ100 beats per minute), oliguria, poor perfusion (Ͼ4 seconds, capillary refill), or hypotension (systolic blood pressure of Ͻ35 mm Hg or mean blood pressure of Ͻ30 mm Hg). Physical signs of infection included feeding intolerance, abdominal distention, lethargy, irritability, temperature instability, jaundice, hepatomegaly, or leukocytosis or leukopenia (a white blood cell count of Ͼ30,000 cells/ml or Ͻ5000 cells/ml).
Enrolled infants were divided into three groups, and all of the infants in the three groups received blood cultures in the newborn period. Severely ill, mechanically ventilated infants were subsequently separated into either the septic or the sick-nonseptic groups based on laboratory and culture results. Infants with confirmed sepsis (septic group) had a positive blood culture, bacterial meningitis, and/or pneumonia with negative blood culture in the setting in which the mother had received more than two doses of intrapartum antibiotics. Infants designated as sick-nonseptic met inclusion criteria for possible sepsis, but had negative blood and cerebrospinal fluid cultures. Normal controls consisted of healthy infants who were treated with antibiotics secondary to maternal risks factors, but who were not ill, were not mechanically ventilated, and had negative blood cultures.
Study Design
All infants were studied within the first 24 Ϯ 6 hours of meeting entry criteria. Septic infants had additional data collected during the convalescent stage of their illness (recovered group). Convalescence was defined as the period 24 hours before extubation. If infants required mechanical ventilation for reasons other than the original illness (e.g., chronic lung disease), the last data collection point was 10 days after the onset of illness.
Respiratory gases were collected from the mechanically ventilated patients to assess oxygen consumption (VO 2 ). Urine was collected from all patients for a 6-hour period to assess total urinary nitrogen, 3-methylhistidine, and urine creatinine concentrations. Blood was collected from all patients (collection was simultaneous to collection of respiratory gases if gases were collected) for serum concentrations of IL-1␤, IL-6, TNF-␣, lactate, and C-reactive protein (CRP).
Degree of Illness
The degree of illness was assessed using the score for neonatal acute physiology (SNAP). 8 This score incorporates 28 variables. The most abnormal recorded value of each variable is compared with preassigned variable ranges. Scores are given from 1 to 5 depending on the degree of abnormality. One point was assigned if the variable caused concern but no change in therapy, three points were assigned if the variable was abnormal enough to cause a change in therapy by most physicians, and five points were assigned to life-threatening abnormalities. Therefore, higher scores indicate more severe illness and greater physiological instability. Patients were scored for the 24-hour period surrounding the time of urine, blood, and respiratory gas collection.
Energy Expenditure
Energy expenditure was determined using a previously validated metabolic gas monitor (Utah Medical Products, Midvale, UT) and a computerized, closed-circuit, indirect calorimeter. 9 VO 2 (measured in milliliters per kilogram per minute at standard temperature and pressure) was determined on line every 20 seconds with a pneumotachometer, a zirconium oxide oxygen sensor, and an infrared photometry carbon dioxide analyzer. In addition to automatic calibration, manual verifications with known gas mixtures were performed before each patient's data collection period.
VO 2 was measured for at least 30 minutes in each subject under similar thermal and environmental conditions. The infants were in a quiet, nonagitated state when assessed. Measurements with deviations of Ͻ10% were accepted as steady state. VO 2 was not measured at timepoints when the infant was ventilated with high-frequency oscillation, required more than a 0.60 fraction of inspired oxygen at the time of study, was on extracorporeal membrane oxygenation, or had a significant (Ͼ5%) air leak around the endotracheal tube demonstrated on a pulmonary function test. These occurrences were treated as missing data points.
Nitrogen Metabolism
Nitrogen balance was obtained in all subjects and calculated as nitrogen intake minus total urinary nitrogen excretion. Stool nitrogen losses were considered inconsequential, as stool output was negligible during severe illness. Total urinary nitrogen excretion was measured with the Pyro-Chemiluminescent System (Model 7000, Antek Nitrogen Analyzer, Antek Instruments Company, Houston, TX) on a timed 6-hour bag or catheter specimen and projected for the 24-hour period. This methodology is consistent with a standard, validated technique in neonates. 1, 10, 11 To specifically assess protein loss from peripheral muscle breakdown, the urinary 3-methylhistidine/urine creatinine ratio (3-MeH/UCr) was used. 12 The urinary 3-methylhistidine concentration was measured by high-performance liquid chromatography with a cation exchange column and postcolumn minhydrin detection (Model 6300 Amino Acid Analyzer, Beckone Instruments, Palo Alto, CA). Urine creatinine was measured using a kinetic method with alkaline picrate (Dimension AR, Dade International, Newark, DE).
Cytokines and Acute Phase Reactants
TNF-␣, IL-6, and IL-1␤ were assayed by enzyme-linked immunosorbent assay (R&D, Minneapolis, MN) as described previously. 13 Serum CRP and lactate were assayed using an oxidation and a turbidometric method, respectively (Dimension AR, Dade International), in the clinical laboratory at Children's Health Care-St. Paul.
Statistical Analysis
The number of subjects required was chosen based on previous studies. 1 A one-way analysis of variance with post-hoc analysis by Fisher's protected least significant difference test was used to assess intergroup differences. Differences between septic neonates at initiation and recovery from sepsis were assessed with paired t-tests. Regression analysis was used to assess relationships among factors. The ␣ level of statistical significance was set at p Ͻ 0.05. All analyses were performed on a Power Macintosh computer (Apple Computer, Cupertino, CA) using Statview statistical software (Abacus Concepts, Berkeley, CA).
RESULTS

Study Population
A total of 31 infants who met inclusion criteria were enrolled. The study population consisted of 12 severely ill infants with positive blood cultures or cerebrospinal fluid pleocytosis (septic), 10 severely ill infants with negative blood cultures (sick-nonseptic), and 9 healthy control infants (control). As expected, the SNAP scores of the septic infants were higher the scores for the control or recovered infants ( p ϭ 0.009 and 0.007, respectively). SNAP scores were not different between septic and sick-nonseptic infants. There were no differences among the three groups at study entry with respect to birth weight or gestational age (Table 1) .
Energy Metabolism
Ventilatory and energy data are presented in Table 2 . Four septic patients and three sick-nonseptic patients did not have VO 2 measured because they were receiving high-frequency ventilation or more than a 0.60 fraction of inspired oxygen. The degree of illness on day 1, as measured by SNAP score, correlated strongly with oxygen consumption ( Figure 1 , r ϭ 0.55, p ϭ 0.007). Recovery from sepsis did not result in normalization of the VO 2 ( p ϭ 0.9).
Nitrogen Metabolism
Nitrogen metabolism data are presented in Table 2 . One patient in the control group and three in the sepsis-recovered group lacked nitrogen data. Septic neonates demonstrated a wide range of nitrogen balance, ranging from Ϫ795 mgN/kg per day to 397 mgN/kg per day. Nitrogen balance was directly related to degree of illness (Figure 2 , r ϭ 0.43, p ϭ 0.007). At recovery, the range of nitrogen balance remained wide (Ϫ635 mgN/kg per day to 461 mgN/kg per day), although it was significantly improved from that at initiation of sepsis ( p ϭ 0.02). Nitrogen balance correlated with 3-MeH/UCr (r ϭ 0.46, p ϭ 0.004), confirming the accuracy of nitrogen balance as a surrogate for 3-MeH/UCr in a 6-hour urine sample. Muscle proteolysis, as measured by urinary 3-MeH/UCr, was not significantly increased in sepsis infants compared with control infants. However, degree of illness, as measured by SNAP scores, correlated with 3-MeH/UCr (r ϭ 0.35, p ϭ 0.03). In summary, these data suggest that the degree of nitrogen loss in neonates with sepsis syndrome is directly related to the degree of illness.
Cytokines and Acute Phase Reactants
Data and the number of data points for each measurement are presented in Table 2 . Mean serum IL-6 concentrations were not higher in sick-septic infants compared with equally sick, nonseptic infants ( p ϭ 0.05), but were higher than in healthy infants ( p ϭ 0.003). IL-6 concentrations declined in the septic infants with convalescence ( p ϭ 0.007). IL-1␤ and TNF-␣ concentrations did not vary among the groups and did not correlate with either marker of nitrogen metabolism in the septic infants. Only serum IL-6 concentrations correlated with nitrogen balance (r ϭ 0.37, p ϭ 0.03).
The serum CRP concentration was greater in septic infants than in control or sick-nonseptic infants ( p ϭ 0.03 and 0.007, respectively). The CRP concentration on day 1 correlated strongly with both IL-6 (r ϭ 0.4, p ϭ 0.02) and TNF (r ϭ 0.8, p Ͻ 0.0001) concentrations.
DISCUSSION
Our study demonstrates that neonates with sepsis syndrome have increased oxygen consumption and negative nitrogen balance proportional to their degree of illness. There is limited research into the nutritional requirements of acutely ill and physiologically unstable term and preterm infants. Seashore et al. 12 observed that urinary 3-methylhistidine/creatinine ratios differentiated between clinically well and metabolically stressed infants, suggesting that skeletal muscle protein catabolism increases in sick infants, especially those with severe respiratory failure, pneumonia, and necrotizing enterocolitis. Mitton et al.
14 compared low birth weight neonates who required parenteral nutrition with those who did not and showed that the first (presumably sicker) group had higher urinary nitrogen excretion and lower rates of whole body protein turnover than the latter group. Castillo et al. 15 reported alterations in phenylalanine metabolism in septic neonates, including increased phenylalanine/tyrosine ratios, which they suggest showed an increased rate of muscle proteolysis, a Culture result or diagnosis Gram-positive rod (n ϭ 4) RDS (n ϭ 6) GBS (n ϭ 4) MAS (n ϭ 3) Gram-negative cocci (n ϭ 2) PPHN (n ϭ 4) CSF pleocytosis (n ϭ 2) GBS, group B streptococcus; CSF, cerebrospinal fluid; RDS, respiratory distress syndrome; MAS, meconium aspiration syndrome; PPHN, persistent pulmonary hypertension of the newborn.
reduced rate of incorporation of phenylalanine into muscle tissue, and/or changes in the rate of hepatic conversion of phenylalanine to tyrosine.
The effect of illness on energy metabolism in septic neonates is consistent with previous studies in septic adults, children requiring pediatric intensive care, preterm infants with chronic lung disease, and neonates with respiratory distress syndrome. 1, 6, 16, 17 Oxygen consumption is influenced by physical activity, thermal environment, nutritional intake, growth, tissue repair, and size of the metabolically active cell mass. 18, 19 The fact that oxygen consumption increases during illness in all age groups suggests that some or all these factors are altered in sepsis. The technical limitation that prevented assessment of energy metabolism in infants on oscillating ventilators or with endotracheal tube leak reduced the data set in the most severely ill patients and most likely caused some underestimation of the magnitude of the effect of illness on energy metabolism. It is of some interest that VO 2 remained elevated for 2 to 15 days after the onset of sepsis. Recovery from infection may be associated with a prolonged increase in energy expenditure.
More negative nitrogen balance may result from increased proteolysis (predominantly in muscle) and/or from decreased protein synthesis. In adults, proteolysis, but not protein synthesis, is correlated with degree of illness. We found that urine MeH/Cr, a marker for proteolysis, was correlated with degree of illness, but found that it did not completely explain the high negative nitrogen balance in our septic group of infants. Several studies have demonstrated elevated levels of TNF-␣, IL-1␤, and/or IL-6 in neonates during sepsis. These cytokines are thought to participate in the changes in protein and energy metabolism in adults and animal studies in sepsis. 5 For example, a study of postoperative adult cardiac patients demonstrated higher oxygen consumption correlated with higher circulating levels of TNF-␣ and IL-6. 23 In our study, only IL-6 correlated with the degree of illness and with VO 2 or nitrogen balance. Several factors may influence the measurement of serum cytokine concentrations during sepsis, including the specific infecting organism, the timing of specimen procurement during the course of sepsis, and the presence of cytokine-binding proteins. Any of these factors might influence cytokine levels in our patients, resulting in a failure to observe a correlation.
-22
It is possible that secondary markers of cytokine response, for example, hepatic acute phase reactants, might more accurately reflect the mediators present during sepsis, because of their longer half-life in serum. CRP, which was increased in the septic neonates in our study, is elevated in response to bacterial infection, perinatal asphyxia, premature rupture of membranes, and other neonatal conditions. 24 -26 It has been suggested that the synthesis of acute phase reactants may be dependent on the availability of amino acid substrate resulting from muscle proteolysis. In our study, CRP was correlated with muscle proteolysis, suggesting that in neonates, as in adults, the acute phase response may be fueled by catabolized muscle protein.
Studies of adults have shown that the negative nitrogen balance associated with sepsis can be prolonged, lasting even into the period of convalescence. In our study, despite the significant improvement in nitrogen balance with recovery, some neonates persisted with a negative nitrogen balance in the recovery period. Thus, the cumulative loss of protein over a period of sepsis might be quite high. In addition, these neonates failed to accrete protein at the in utero rate. In premature infants, this degree of nitrogen loss could contribute significantly to long-term morbidity and growth delay. Although early initiation of high protein intakes may result in azotemia in the seriously ill neonate, it may be reasonable to study whether increasing protein delivery is nutritionally advantageous to these infants.
